Abstract-A heart rate variability (HRV) measuring system and its analysis method have been developed in this study. It is composed of a hardware measuring system based on a noninvasive photoplethysmographic (PPG) signal measuring device to acquire oxyhemoglobin saturation using pulse oximetry (SpO2) signals and a further software package including the methods used to filter and analyze the signals for heart rate variability. Firstly, an experiment is designed for measuring heartbeat using the system to observe whether the empirical mode decomposition(EMD) can really inhibit noise or not on one volunteer with 10 minutes repeated for 10 times. Then, the hardware system and analysis method are tested on another 10 volunteers before and after receiving cold face immersion stimulation. Due to the reasons above, it confirms that the developed system can measure heartbeat and observe the heart rate variability. So the findings of this research may be useful for developing a home-made system to continuously measure HR and HRV for the purpose of convenience, portability, and operability.
INTRODUCTION
In an environment full of social changes, an individual playing more and more roles has to sustain considerable psychological stress in a personal life generally [1] . It has been indicated that mortality caused by cardiovascular diseases is significantly associated with the autonomic nervous system [2] [3] [4] . Heart rate variability (HRV) represents the variations of R-R interval and has been widely applied as a quantitative marker to analyze autonomic nervous system activity [5, 6] , thus its analysis becomes a valuable and important tool in the armamentarium for diagnosis and predicting of mortality [7, 8] . HRV can be evaluated by various methods in time and frequency domain [9, 10] . According to the criteria defined by the American Heart Association in 1996, in the frequency domain, the power spectrum derived from short-term HRV is mainly divided into three frequency bands including highfrequency (HF), low-frequency (LF) and very low-frequency (VLF) [9] . HF is the frequency band of 0.15-0.4 Hz determined by parasympathetic activity, LF is from 0.04 Hz to 0.15 Hz related to both sympathetic and parasympathetic activity, and VLF in the range of 0.003-0.04 Hz is modulated by vasomotor tone buffered by the baroreflex [11] . These three power components calculated in both absolute values or normalized units indicate the dominant contribution of sympathetic or parasympathetic activity. At the same time, the ratio of LF/HF has been used to describe the balance of sympathetic and parasympathetic in autonomic nervous system [12, 13] .
Generally, the R-R intervals for HRV analysis are extracted from electrocardiogram (ECG) signals. However, three Ag/AgCl electrodes connected to the wrist are needed to record one channel EEG signal. However, the ECG signal detected by placing three electrodes on defined positions of patients can be easily contaminated by artefacts, such as high frequency noise caused by electric knife, motion artefacts related to electrode movement, and electromyographic (EMG) because of muscular activity. Therefore, these factors can severely disturb the electric signals measured from heart muscles and certainly make it very difficult to analyze the HRV which represents patient's status. To solve this problem, on the one hand, the monitored signals must be filtered before analysis to improve the correctness of the system. Conventionally, Fourier-based filters can be applied to remove the noise from the linear signals, but it will fail when processing non-linear ones. Empirical mode decomposition (EMD) method has been introduced by Huang, et al. in 1998 [14] . EMD behaves as a filter bank and is very suitable to analyse the non-linear and non-stationary time series. So it has been widely used for biomedical signals analysis [15] . In this paper, we use the EMD-based filter to remove high frequency and low frequency noise from original signals. On the other hand, the equipment based on photoplethysmography (PPG) using optical fibres to measure HR and HRV have been developed in place of measuring ECG signal [16, 17] . The PPG technique is capable of reducing interference from electric signal and requires only one wire. Furthermore, the sensor for PPG measuring can be connected to a user's finger. These are desirably required under ambulatory situations. Therefore, PPG has several advantages compared with EEG recording.
PPG is a simple and low-cost optical technique that can be used to detect blood volume changes in the microvascular bed of tissue [18] . Pressure pulse caused by heart periodically pumping blood to tissue at the skin surface makes the change in volume. The PPG waveform provides another selection to determine the period of cardiac cycles and assess autonomic. Continuous measurement of autonomic nervous system is very important for aged people, pregnant women and in many other critical situations. So a heart rate variability (HRV) measuring system and its analysis method using a finger PPG signal which can be measured easily and conveniently has been developed in this study.
In summary, the design procedure of the whole monitoring system based on a non-invasive PPG measuring device is described in the second section. The materials and methods used to analyze the PPG signals for heart rate variability are performed in the third section. In section four, experimental results are analyzed and interpreted. Finally, a conclusion was drawn in the last section.
II. THE DESIGN OF MEASURING SYSTEM
The proposed overall structure for the heart rate variability measuring system and its analysis method based on the PPG is illustrated in Fig. 1 [19, 20] . The system can be divided into 6 parts: a pulse generator, a transmission-based photo sensor, a signal converter and amplifier, a filter, a signal acquisition device and a processing platform. At first, the transmissionbased photo sensor depending on a light transmitting mechanism is connected to a user's finger to detect analogue PPG signal. Then, the signal will be converted, amplified, filtered and transformed to digital signal and further exported to the processing platform for extraction of HBI. Finally, HR and HRV parameters are derived from the HBI. More details of these hardware and software analysis are given as follows:
1) Pulse generator:
The pulse generator produces a specific-frequency signal used to drive alternate red light and infrared light resembling an on/off switch. Electronic device Timer 555 is taken to generate a 50 Hz pulse wave in this embodiment.
2) Transmission-based photo sensor: The central device of this part is a LED sensor in photo-sensor clip. The sensor contains a light transmitter that alternately produces red light and infrared light, and a photoelectric receiver. The photosensor clip is fixed on a user's finger and driven by the photosensor drive. In this system, the 9-pin Oximeter Nellcor Oximax SpO2 Sensor is used as the LED sensor, and its inner connection diagram is shown in Fig. 2 . The input (i.e., Pin 3) is electrically connected to the output (i.e., Vout) of photosensor drive circuit.
3) Signal converter and amplifier: The photo sensor outputs a current signal, so a transimpedance amplifier (TIA) circuit is used to transform the current signal to voltage signal, and then the output of TIA is connected to a differential amplifier circuit to amplify the voltage signal.
4) Signal Filter:
A band stop filter that removed 60 Hz powerline and a low pass filter with a cut-off of 30 Hz are designed using fourth-order Butterworth filter. 5) Signal Acquisition: NI USB-6212 DAQ card is used to digitize the analogue PPG signal with 500 Hz and then transfer the data to computer for further analysis.
III. MATERIALS AND METHODS

A. Subjects and Experimental Settings
The subjects are divided into two groups. The first group is used to evaluate the feasibility of EMD to reduce interference. The PPG signals are collected from one volunteer with 10 minutes for 10 times. The student would sit down and have a rest in the first five minutes, and the PPG signal was simultaneously recorded with our home-made system and a commercial instrument (TMD-86A, TATUNG, Taiwan) for the heart rate calculation. In the last 5 minutes, interference is continuously added to the home-made system when measuring PPG signals, but TMD-86A remains in undisturbed state so that it can measure the correct heartbeat. The process is repeated 10 times with different interferences during each time, such as bobbing finger up and down, bobbing finger left and right, shocking and so on. And then the other ten young healthy subjects as the second group are chosen to measure the PPG data before and after accepting cold face immersion on their head respectively. The duration of the second experiment is 20 minutes for each subject. In the first 10 minutes, the student would sit down and have a rest. Both our home-made system and TMD-86A measure the data to obtain heart rate. In the last 10 minutes, all subjects accept ice stimulation on their head which can drop down their heartbeat, and we evaluate whether the heart rate derived from our system would also decreases, so that the system can correctly measure heart beat and analyze HRV. In the cold face test, cold compresses (0°C to 1°C) are applied bilaterally to the forehead and the maxillary region for few minutes. This method can control the experiment time very accurately. Both our home-made system and TMD-86A measure the data to obtain heart rate.
B. Empirical Mode Decomposition
In the field of signal processing, the traditional Fourier transform is a very commonly used method, but it can only be applied to linear, stationary signals. However, now we are dealing with most signals are nonlinear and time-varying, so the Fourier transform is no longer the best choice. Empirical mode decomposition (EMD) developed by Huang, et al. is a breakthrough method used to analyse non-linear and nonstationary signals [14] . EMD first decomposes the signal into several components called intrinsic mode functions (IMFs) from high to low frequency adaptively. Different from most decomposition algorithms with the fixed basis functions, the EMD method adapts to the local characteristic of data and without priori.
The original signal can be reconstructed by summing up all IMFs and the final residue expressed as follows:
where ( ) X t is the original signal; ( ) i t c is the ith IMFs; and ( ) n t r is the final residue. Fig. 3 presents eight IMFs decomposed by EMD from a PPG signal.
C. Heart Rate Variability Analysis
The PPG technique can measure the heartbeat conveniently, which in some instances may prove a practical basis for HRV analysis. HRV represents the variation of the time intervals between adjacent peak points. The P-P interval in PPG signals is similar to the R-R interval in ECG signals both indicating a completed heart cycle as shown in Fig. 4 . Pre-processing algorithms including filtering and DC offset elimination according to the previous studies [21] [22] [23] are investigated to improve the reliability of peak detection. Fig. 5 illustrates the analytic flowchart for the heart rata measuring from the PPG signal. After recording, the signals are exported to MATLAB. The original signal is firstly filtered by median filter, and then detrending by subtracting a fitted straight line from the data is used to remove the DC offset. Finally, the mean value is moved from the output signal. In this study, we decompose the PPG signals after moving average processing into 8 IMFs, and then we reconstructed the signals without the first IMF and the last IMF to filter the high frequency and low frequency noise. The detail algorithm of extracting the P-P intervals from PPG signal can be found in our previous study [24] . Then, a suitable interpolation and resampling method is performed to produce a uniformly sampled HRV signal. The power spectrum is carried out based upon the FFT algorithm. LF and HF components are calculated in normalized units, meaning relative value of the corresponding power component in proportion to the total power minus the VLF component. And LF/HF quantifying the balance activity of sympathetic and parasympathetic is also measured [10] . In our study, the LF and HF are represented with normalized values as follows: 
IV. RESULTS
A. The Result of First Experiment
The results of the first 5 minutes are shown in Table I , and no shaking finger represents there is no adding interferences during measurement. The significance level of paired t-test is set at p<0.05. The results indicate that our system has no significant difference with commercial instrument in measuring HR (i.e., p>0.05). And the HR calculated without EMD also indicates no significant difference comparing with that using EMD method (i.e., p>0.05). Because there is no interference when measure the PPG signal, so the results of no EMD are nearly the same as that using EMD method.
The last 5 minutes results are shown in Table II , and shaking finger represents there is interference when measuring the signal. The measured HR values of our system still indicate no significant difference with commercial instrument (i.e., p>0.05). However, the mean and SD values (i.e., 77.99 ± 28.20) without EMD are higher than that (i.e., 76.97 ± 27.23) with EMD. Because there are several interferences when measure the PPG signal, the results using EMD is closer to commercial instrument than that without EMD. Therefore, it indicates that the EMD method really improves the accuracy of the results and restrains disturbance.
B. The Result of Second Experiment
The results of this experiment are shown in Table III , no immersion represents there is no stimulation during the first 10 minutes and cold face immersion represents there is stimulation with ice during the last 10 minutes. The significance level of paired t-test is set at p<0.05. The HR Table IV presents the results of HRV analysis in frequency domain using FFT method. The PPG signals are recorded both before and after cold face immersion by the home-made system. The LF is significant reduced from 0.33 ± 0.03 to 0.31 ± 0.03 but HF is significantly increased from 0.41 ± 0.07 to 0.43 ± 0.07 which indicates that cold face immersion increases parasympathetic and decreases sympathetic actions. Hence, the ratio of LF/HF power changes significantly from high (i.e., 0.85 ± 0.17) to low (i.e., 0.74 ± 0.17) before and after adding stimulation.
V. CONCLUSIONS AND DISCUSSION
A heart rate variability (HRV) measuring system and its analysis method have been developed in this study. This system consists of hardware system and software analysis package. Heart rates obtained from PPG measured by our system agreed well with that obtained by commercial instrument (TMD-86A, TATUNG, Taiwan) at rest, during adding interference and stimulation with ice, respectively. So the system does have a major feasibility and correctness for analysis of heart rate. Also, the frequency indices related to HRV analyzed by FFT are very successful in the experiment. The system can be used as an easy tool to measure the HRV in clinical application. The power spectral analysis of heart beat intervals has been widely applied to measure the HRV of patients. The parameters derived from HRV provide valuable information about cardiovascular control. Especially, the ratio of LF/HF provides a quantitative marker to quantify the balance between sympathetic and parasympathetic activity in autonomic nervous system. The HRV measuring system and analysis thus promises broad applicability, such as psychological stress index.
In our study, the HR and HRV have been measured using the proposed system and TMD system simultaneously. Obviously, heart rates and parameter of HRV obtained from PPG measured by our system agreed well with those obtained by TMD-86A at rest, during adding interference and stimulation with ice in these subjects. So the correctness of our system is very high. However, our system is only compared to one kind of commercial instrument, it is not so perfect. In the future, in the proposed system will be compared to other HRV measuring systems (e.g., Philips MP60 and Datex AS/5 patient monitors). 
